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ABSTRACT 

The indoor environment of modern buildings, especially those designed 
for commercial and administrative uses, constitute a unique ecological niche 
with its own biochemical environment, fauna and flora. Sophisticated con¬ 
struction methods, new materials and machinery required to maintain the 
indoor environment of these enclosed structures produce a large number of 
chemical by-products and permit the growth of many different microor¬ 
ganisms. Because modern office buildings are sealed, the regulation of 
humidification and temperature of ducted air presents a dilemma, since dif¬ 
ferent species of microorganisms flourish at different combinations of 
humidity and temperature. If the indoor environmen t of modern office build¬ 
ings is not properly maintained, the environment may become toxic to the 
occupants’ health. Such buildings are classified as Sick Buildings. A review 
of the epidemiology of building illness is presented. The etiology of occupant 
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illnesses, sources of toxic substances, and possible methods of maintaining a 
safe indoor environment are described. 


INTRODUCTION 


Disease has always been strongly associated with the type and use of 
structures humans occupy. Food, drink, waste products and the presence of 
any other organic substances (including animals) harbor infectious or¬ 
ganisms. With the discoveries of the vectors by which infectious organisms 
invade a human host have come innovations in building technology and 
mechanical appliances that cook, store and preserve food* eliminate human 
waste, and help keep the indoor environment of a building reasonably free 
of harmful infectious agents. In addition, although not recognized as a source 
for disease, are toxic chemicals found indoors. The link between the by¬ 
products of combustion of biomass materials burned indoors (such as wood, 
coal, and later on, kerosene and natural gas) and subsequent chronic disease 
was not recognized until relatively recently. In general* while the type of 
structure in which people lived and worked may have had a profound in¬ 
fluence on their health, specific antecedents of disease were not so much re¬ 
lated to a structure of a building as to a specific point source within the 
structure (e.g., wastes, storage of food, fires used for heating or cooking). 

At the start of the twentieth century, a new type of structure became 
prominent; that of a large public building devoted to commercial or ad¬ 
ministrative uses. As these buildings grew in size they created a uniquely new 
environment plagued with problems, primarily because of the great volume 
of air they enclosed. In addition, the by-products of the machinery required 
to make these buildings function also created problems. The requirements 
of air intake, heating, cooling and distribution, and elimination of by-products 
of human occupation and machinery created needs for massive ducting 
throughout the full height of the structures, which led to demands for build¬ 
ing designs that were large enough to accommodate the machinery neces¬ 
sary to make human occupation possible. (These included the seldom 
mentioned flush toilets, without which, skyscrapers would be uninhabitable.) 
However, the main criteria of these early buildings was not so much to 
eliminate pollutants created inside the building but to prevent infiltration of 
pollutants from outside. This was especially true for soot from burning coal 
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used for industrial plants and residences. Initially, attempts were made to 
regulate the indoor climate by warming and cleaning intake air and then 
ducting it throughout the building. Outstanding examples of this new tech¬ 
nology are the Royal Victoria Hospi tal in Belfast, built in 1903, and the Larkin 
Administration Building in Buffalo, New York, built in 1906. From these 
pioneering efforts came the idea that to condition the indoor environment 
of a large building and to remove some of the sources of discomforts com¬ 
ing from outdoors, well tempered air must be provided indoors. These ini¬ 
tial attempts were further supported by the desire to eliminate the wells for 
lighting and ventilating the inside of buildings. These wells occupied space 
that could more profitably be used in commercial buildings for additional 
office space. 

It took the first half of the twentieth century to learn how to supply power 
to, and maintain these large office buildings. However, starting in the late 
1960’s, the buildings in the commercial districts of modem cities began to 
change. New buildings were erected that were sealed structures of great 
height that relied entirely on mechanical means to regulate their indoor en¬ 
vironments. Buildings that used operable windows for ventilation and cir¬ 
culating steam or hot water for heat were replaced by structures with ducted 
air that was centrally heated or cooled. Advancements in chemistry made 
possible the manufacturing of entirely new fabrics that were used to cover 
floors and walls, and construct furniture. Formaldehyde resins were used ex¬ 
tensively for particle boards from which furniture or wall panels were con¬ 
structed and in glues to affix carpets to the floors. A variety of machines were 
introduced, of which perhaps the most important, from an epidemiological 
perspective, are the photocopier and certain types of air conditioners. To 
clean the vast floor areas various carpet shampoos and industrial cleaners 
were used that sometimes left toxic residues. Filters were used to clean the 
air circulated by means of the ducting systems. At the same time, however, 
these filters and duct systems became breeding grounds for various types of 
organisms (as were some carpets). In short, the modem buildings provided 
conditions to create a complex ecological niche that became a possible source 
for human disease. 

CAUSES OF BUILDING ILLNESS 

Since the early 1970’s, occupants of hundreds of modem sealed office 
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buildings throughout North America have reported similar health and com¬ 
fort complaints (Berglund, 1984). These buildings are commonly refened to 
as "sick buildings" and the epidemic of complaints by the occupants of these 
buildings has been defined by the World Health Organization as "Sick Build¬ 
ing Syndrome" (WHO, 1982). Sick buildings are identified by a very high 
prevalence of specific health symptoms among the occupants which include: 
headache, eye problems (irritated* sore, dry, itching, or watering eyes), nasal 
problems (stuffy, runny, or irritated nose), throat problems (dry, sore, or ir¬ 
ritated throat), chest problems (chest tightness, difficulty breathing), fatigue 
and lethargy (including sleepiness and weakness), skin abnormalities (dry, 
itchy, or irritated skin), and problems maintaining concentration at work 
(Sterling, E, 1983; Hedge , 1984; Finnigan, 1984; Robertson, 1985). In four 
studies the incidence of "building illness" was found to be at least twice that 
in naturally ventilated buildings ( Turiel , 1983; Hedge, 1984; Finnigan, 1984; 
Robertson, 1985). It has also been suggested that other symptoms, such as 
skin rashes/irritation/dryness, nausea, dizziness, and respiratory problems 
(wheeze, shortness of breath, chest tightness) are characteristically more 
prevalent in sick buildings (WHO, \983\Stolwijk, \914\Hawkint>, 1985).Final- 
ly, there have been complaints in some buildings of increased spontaneous 
abortions. However, most of these complaints have been anecdotal; and be¬ 
cause of the difficulty of counting them, such abortions have not been verified. 

The effect of sick buildings on occupant health is demonstrated by the 
study of Sterling, E. and Sterling, T. (1983) of a group of office workers who 
moved from an old fashioned building with window ventilation and lighting 
to a modem sealed structure. Absentee data were supplied for a period of 
one year before and seven months after the study group moved into the new 
building. The percent of absent days was calculated for all staff members. 
The study group served as its own control, making possible the comparison 
of absentee prevalence before and after the move to the new enclosed struc¬ 
ture. Figure 1 shows the percentage of days absent for the study group begin¬ 
ning in August 1978 and ending in February 1980. The vertical solid line 
divides the graph into two parts, before and after the move. There is no trend 
in absenteeism before the move. Most weekly absences were below 3% and 
there were no absences at all for 40% of the weeks. The dotted line is the 
line of best fit resulting from fitting a linear equation to the data for the 
period of time prior to the move into the study building. The slope of this 
line is not significantly different from zero. The coefficient of determination 
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From Sterling and Suiting (1963)- 


(r 2 ) between absentee rate and time is 0.03 and the correlation coefficient 
(r) is -0.17, indicating that no increasing (or significantly decreasing) trend 
is apparent 

The solid line is the line of best fit of the data for the period of time 
after the move. The positive slope of 2.66 approximates the linear trend of 
absentee rates per week in the study building during initial occupancy. The 
r 2 in this case is 0.53 and r is .73 (p < .01). This significant trend clearly shows 
that absenteeism was increasing after the move into the new building. 

Figure 2 details the striking difference in specific complaints in a cross 
group comparison between a study and control group. The control group oc- 
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cupied a building with operable windows for ventilation and hot water for 
radiant heat 


SPECIFIC CAUSES OF BUILDING ILLNESS 

A number of studies of sick buildings have been able to isolate instan¬ 
ces where the cause of health symptoms could be isolated and eliminated by 
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taking appropriate measures. Such examples contribute important informa¬ 
tion of how to prevent building wide epidemics. 

In 1982 my associates and I started to create an archive of reports of 
studies of sick buildings ( Collett, 1987). This archive now contains reports of 
almost 500 building studies conducted in North America (the majority are 
located in the U.S). These studies were completed by industrial hygienists 
and investigators working for the National Institute of Occupational Safety 
and Health ( NIOSH ) of the United States, the U.S. Center for Disease Con¬ 
trol, various municipal and state agencies, universities and other research 
centers. 

Here are some examples identified as contributing causes of building 
illness: 

Formaldehyde: From insulation ( Gunter , 1981; Fannie*, 1981) and offgasing 
from materials containing formaldehyde resins (Chrostek, 1981 \Konopinsfd, 
1980; Coy, 1982), 

Industrial cleaners: From the residues of industrial carpet shampoos ( Kreis, 
1981; Robertson, 1980). 

Solvents: From fresh ink on checks in poorly ventilated areas ( Thobum , 
1981) and printing solvents ( Gunter, 1981). 

Perchloroethylene: From the duct work of a dry cleaner. The gas travelled 
above the ceiling to other stores in the same complex ( Thobum, 1981). 

Fiber Glass: Disseminated through the ventilation system (Kreis, 1981). 

Ozone: (Shoemaker, 1977; Gunter, 1981). 

Automobile exhaust: Entered through the ventilation inlets (Nudetman, 
1979; Leiderman, 1982). 

Photocopiers: From a hot oil process, use of methyl alcohol (Prior, 1981; 
Apol, 1981 \Fanmck, 1980; Chrostek, 1981). 
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The causes of sick building syndrome are very often unclear. Usually, 
however, the health symptoms in such buldings can be resolved by increas¬ 
ing the fresh air supply (Salisbury, 1981; McManus, 1985; Chio, 1985). 

A summary of what is known about specific causes of sick building 
syndrome was provided by the U.S. National Center for Occupational Safety 
and Health ( NJOSH ) in 1984. The findings from 203 of NIOSH’s investiga¬ 
tions undertaken up to the end of 1983 were reviewed and tabulated by the 
Health Hazards Evaluation Branch of NIOSH ( Melius, 1984). Of these 203 
studies, 17.7% attributed the health symptoms to indoor air contamination 
(e.g., from sources such as industrial cleansers or photocopiers), 103% to 
outdoor air contamination (e.g., from misplaced air intake vents that would 
draw gasoline fumes from garages or bus stations), 3.4% to building con¬ 
tamination (e.g., offgasing of formaldehyde from wall panels, glues and resins 
in carpets, and furniture made from particle board), 403% to inadequate 
ventilation, 3% to hypersensitivity pneumonitis (often caused by the use of 
humidifiers), 2% to cigarette smoking, 4.4% to humidity, and 1% to noise 
and lighting. The remaining 10% of the studies did not find a cause for health 
symptoms. A review by Health and Welfare Canada (HWC) of 94 building 
studies gave similar results ( Kirkbride , 1985). In this review, 68% of the studies 
attributed the cause of health symptoms to inadequate ventilation (e.g., poor 
air circulation, inadequate fresh air intake, and poor temperature and 
humidity control) 10% to outdoor contaminants (e.g., motor vehicle exhaust 
entering the building), 5% to indoor contaminants (e.g., photocopy machines 
and tobacco smoke; the report does not state to what extent the cause of 
building illness was due to the use of copy machines or cigarette smoke), 2% 
to building gases (e.g., formaldehyde, organic glues and adhesives), and the 
remaining 15%to unknown sources. (Because of present concerns with*smok- 
ing, all NIOSH and HWC studies paid special attention to smoking as a pos¬ 
sible cause of sick buildings. It is of interest, therefore, that smoking was saic^ 
to be a major cause of complaint only in 2% to 5% of the sick building in-o 
vestigations. Removing the smoker entirely, then, may not affect health andfO 
comfort problems in 95% to 98% of sick buildings.) Co 
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BIOCHEMICAL SUBSTANCES 
IN MODERN BUILDINGS 


A wide range of substances have been measured inside modem office 
buildings. Some of these substances are known, and others are thought to be 
associated with various diseases. A summary of the measured substances was 
compiled by the U.S. Environmental Protection Agency and published in the 
Environment Protection Agency Indoor Air Quality Implementation Plan 
(1987) under the title "Common Indoor Pollutants, Their Sources and Known 
Health Effects" (EPA, 1987). (Because of its importance, this list is included 
as an APPENDIX.) 

In summary, the EPA table lists 73 common indoor pollutants that are 
known to be toxic, although not necessarily at the level of concentration found 
in most buildings. Of these 73 substances, 38 are attributable to building com¬ 
ponents and appliances, 26 by the evaporation of drinking water, 17 by out¬ 
door air, 16 by products used for cleaning and maintenance, 12 by tobacco 
smoke, and 9 by vehicles exhaust trapped in garages. Tobacco smoke was 
singled out by the Environmental Protection Agency because of its visibility. 
However, with the exception of nicotine and nicotine derivatives, almost all 
of the substances from tobacco smoke are also derived from a number of 
other sources. For example, carbon monoxide (CO), besides being present 
in tobacco smoke, is usually present in much greater quantities, or produced 
by, HVAC systems, garages, outdoor air and gas stoves; styrine also comes 
from furnishings and drinking water, benzene from garages and drinking 
water; methyl chloride from drinking water, pyridine from outdoor air; 
acetone from cleaners, waxes, adhesives, cosmetics and outdoor air;acroline 
from the combustion of various products (as are other substances such as 
formaldehyde or respirable particles); benzo(a)pyrene from automobile ex¬ 
haust and drinking water; and analine is a by-product from various activities. 
Sources, other than tobacco, are not given for methylamine and hydrazine. 
(This may be a result of too few measurements available for these two sub¬ 
stances, rather than a real absence of these substances from the combustion 
of materials other than tobacco.) 

In summary, the EPA list demonstrates that there are multiple sources 
for many chemicals and substances known, or thought, to be toxic. Because 
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there are so many alternative sources for most substances found in a build¬ 
ing, the best method to deal with indoor exposure to biochemicals is to dilute 
them by adding an adequate amount of fresh air. 


TOE INDOOR ECOLOGY 

* 

A general rule of ecology is that every spot capable of supporting life 
will be occupied by some form of life. This is just as true for the indoor en¬ 
vironment as it is for the Arctic Tundra. Countless substances, necessary to 
sustain life, are found indoors, especially in the ducts and ventilation system 
of a building and in all places where moisture may gather. Dusts, much of 
which contain both the staff of life and microbial and viral life itself, are 
brought into buildings through fresh air intake and on the clothing, hair and 
skin of building occupants and visitors. Some of the microorganisms can cause 
violent physiological reactions in humans. 

Perhaps the best known example of the possible virulence of indoor 
microbial life is Legionnaires' Disease. Legionnaires’ Disease, named after 
an explosive outbreak of pneumonia in a group of Legionnaires attending 
an American Legion convention in Philadelphia in 1976, is a pneumonia-like 
reaction to the Legionella Pneumonphilia bacterium. The bacterium requires 
the presence of certain algae, which usually grow in cooling towers at specific 
temperatures, for growth (Fraser, 1977). Pontiac Fever, named after a health 
department building in Pontiac, Michigan, U.S., in which the syndrome was 
first described, is a strain of Legionnaires’ Disease {Kaufman, 1981). Recur¬ 
rences of Legionnaires’ Disease and Pontiac Fever are documented from 
time to time, very often in hospitals, and are always connected with poor 
maintenance of cooling towers (Friedman, 1987; Garbe, 1985 \ConweU, 1982; 
Kaufmann, 1981; Fisher-Hoch, 1981). 

Legionnaires’ Disease, however, is just the tip of the iceberg. There are 
many places in a building in which infectious organisms (bacteria, viruses, 
fungi, mites) and pollen may flourish. As an example, my associates and 1 
reported allergic and infectious reactions caused by humidifier contaminants 
(/Arundel, 1986, see TABLE 1). In general, organic materials will flourish at 
all levels of relative humidity. Figure 3 describes the relationship between 
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TABLE 1. REPORTS Of ALLERGIES CAUSED BY HUMIDIFIER CONTAMINANTS 

•ubfectl 

Pf^neils 

Centaminent 

Confirmation 

11 ©*f»C* 
workers 

F aver .mala»se, 
chest tightness, 
polyuria 

Acenth amoeba ipp. 

Symptoms diuopeared 4 weeks after 
the humidification system corrected 

36 office 

Fever, chills, cough. 

Unknown, possibly 

No symptoms 6 months after 

workers 

dvvmee 

protozoa 

humidification system removed 

24 factory 

Extrinsic allergic 

PhialOphora tw . 

Precipitins to humidifier water. 

workers 

alveolitis 

Cephalosporium, 
Futerium, Gtiomastix 

symptoms ceased after alteration 
to system 

20 factory 
workers 

Fever, chills. 
dv«>nea 

Pseudomonas 
endotoxins in humidifier 

Not stated 

3 housewives 

Recurrent acute 
interstitial 
lung disease 

Thermoactinomyers in 
home humidifier 

Positive bronchial challenge to 
hemophiie 

1 mate 

Racurrant 

pneumonia 

Fungi end bectena in 
humidifier 

Challenge with vaporizer aerosol 
positive, pacific agent umpentified 

X female 

Recurrent 

hypersensitivity 

pneumonitis 

Thermotolerent bacteria 
in homt humidifier 

Positive bronchia* challenge, positive 
strum 

1 femate 

Hypersensitivity 

pneumonitis 

Unknown organisms in 
home humidifier 

Positive pulmonary challenge to 
humidifitT water, aM family members 
showed precipitin reactions 

1 female 

Hypersensitivity 

pneumonitis 

Cephalosporium in 
home humidifier 

Precipitins to antigens 

2 asthmatics 

Asthmatic episodes 

Veasi contaminated 
aerosols in humidifier 

Recurrent symptoms on re-exposure 

1 female 

Pneumonitis, 
recurrent chills 
fever, cough, 

dy«>nee 

Thermophilic 
aciinomyeetes in home 
humidifier 

Positive bronchi el challenge ?'^ 

C 

M 

CO 

1 male 

Hypersensitivity 

pneumonitis 

Thermoectinomycet 
vulgar it m console 
home humidifier 

Symptoms disappeared C J 

when humidifier removed, 
precipitating antibodies 

1 female 

From Arundel 

Hyper sensitivity 
pneumonitis 

etaM1M6k 

Thtrmoectinomycet 
vulgaris in humidifier 

Precipitins against agent Q0 

ca 

fO 
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the humidity and growth of various types of bacteria, viruses, fungi, and mites, 
respiratory infections, atopic reactions, chemical interactions, and ozone 
production. As one can see from this figure, the growth of organic materials 
is minimized if the relative humidity in a building is maintained between 40% 
and 60%. 
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CONCLUSION 

Modem office and public buildings create an indoor environment that 
is poorly understood and may be exceedingly hostile to occupants unless its 
hazards are clearly recognized. Because of the multiplicity of hazards and 
the chain of events that lead to physiological reactions in humans to con¬ 
taminated indoor environments, no single and/or simple solution(s) is avail¬ 
able. Adequate attention to ventilation and fresh air supply will eliminate or 
minimize many of the eye, throaty nose, and/or skin irritations caused by 
; . chemicals in the air by diluting them to a safe level. However, insofar as out¬ 
door air contains a large number of toxic pollutants, it should be dear that 
a well ventilated building may only be able to maintain outdoor levels of 
cleanliness. 

There are some instances, however, in which modem technology can 
improve and maintain the cleanliness of indoor air as compared to outdoor 
air. For instance, adequate filtering systems may remove much of the dust 
found outdoors and air conditioning and heating systems can adjust for 
climatic conditions. These technologies, however, need to be applied with a 
j full understanding of the possible effect that application might have on human 

j health. For example, while filters will remove unwanted dusts and respirable 

. particles from the outdoor air, such filters also offer a medium for growth 

for a variety of bacteria and other infectious agents. Therefore, filters should 
j be changed very frequently, which is abuildingmaintenance expense. Similar- 

j ly, aerosols from cooling towers need to be kept away from fresh air intakes 

j in buildings. This requires careful planning in the placement of these air 

vents. (In addition, fresh air intake vents should not be placed near street 
level or garages where they will take in exhaust from motor vehicles and ex¬ 
haust vents). 

Finally a working relationship needs to be established between build¬ 
ing engineers, architects, and epidemiologists. For instance, in studying a 
building with my associate, Elia Sterling (architect), we found that the high 
absentee rate and prevalence of irritation complaints was caused by the for¬ 
mation of indoor smog. A large amount of air was passed over high ultraviolet 
producing lighting fixtures. The impact of the high level of ultraviolet (UV) 
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light on the air stream was similar to that of the sun on outdoor pollutants. 
Ultraviolet light is a cause of outdoor smog in such cities as San Francisco 
or Los Angeles. Similar UV emissions can cause the formation of smog in¬ 
doors. We learned from this particular building that air vents should not be 
constructed to serve as lighting futures and high UV sunlight simulating 
fluorescent lighting should not be used (Sterling, E. & Sterling, T. 1983). We 
also learned that the epidemiology of sick buildings requires a multidiscipli¬ 
nary approach that should include architects, industrial hygienists and ven¬ 
tilation engineers. 
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